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^this  report  discusses  the  final  status  of  studies  of  the 
mechanisms  by  which  cercariae  of  the  human  parasite,  Sell  i stosoma 
man  son  i penetrate'  the  skin  of  vertebrate  hosts.  These  studies 
were  undertaken  to  investigate  means  by  which  the  processes  can  be 
controlled  for  possible  therapeutic  and  prophylactic  intervention. 

The  penetration  processes  are  mediated  hv  secretion  of  protco 
lytic  enzymes  from  the  preacotabul a r glands  of  the  cercariae.  Iso 
lation  and  partial  characterization  of  these  enzymes  has  been 
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20.  Abstract 

achieved,  and  it  is  concluded  that  these  enzymes  resemble  the 
vertebrate  chymotryps ins . The  enzymes  are  inhibited  by  several 
of  the  human  scrum  ant i proteases  is  well  as  by  specific  chvmo- 
trypsin  and  serine  protease  inhibitors.  Studies  on  the  possible 
inhibitory  activity  of  y-globulins  from  sera  of  immunized  animals 
are  being  continued. 

The  role  of  these  proteolytic  enzymes  in  the  penetration  of 
skin  has  been  studied  using  model  connective  tissue  substrates 
i n vi tro . Major  proteolytic  effects  are  observed  on  the  protein 
backbone  of  proteoglycans  and  on  non- co 1 lagenous  basement  membrane 
proteins.  Minor  proteolytic  effects  are  observed  on  elastic  fibers 
and  on  the  kerat inaceous  layer  of  the  outer  skin.  No  effect  of 
these  enzymes  on  polysaccharides  or  on  collagen  fibers  of  the  der- 
mis has  been  demonstrated.  These  studies  suggest  the  major  role 
of  these  cercarial  enzymes  in  penetration  is  a proteolytic  action 
on  the  epidermal  basement  membrane  and  on  the  proteoglycans  of 
the  dermis. 

The  preacetabular  glands  also  contain  calcium  and  the  locali- 
zation and  quantitation  of  the  calcium  content  of  these  glands  has 
been  reported.  The  calcium  has  been  shown  to  be  present  in  the 
preacetabular  glands  as  calcium  carbonate.  We  have  suggested  that 
these  calcium  deposits  function  as  i_n  situ  inhibitors  of  the  cer- 
carial proteases  during  storage  in  the  preacetabular  glands.  Fur- 
ther studies  are  currently  being  carried  out  to  isolate  the  pro- 
tease- and  calcium-containing  granules  of  these  preacetabular  gland.' 
by  sucrose  gradient  centrifugation  techniques. 

We  have  reported  that  zinc  salts  were  very  effective  in  inhibi- 
tion of  the  protease  activity  from  these  preacetabular  glands. 
Furthermore,  we  have  demonstrated  that  zinc  is  effective  in  killing 
both  cercariae  and  schis tosomules . These  results  suggest  that  the 
use  of  zinc  salts  in  a prophylactic  manner  in  infected  waters  and 
streams  may  open  new  avenues  for  control  of  schistosomiasis. 
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This  report  discusses  the  final  status  of  studies  of 
the  mechanisms  by  which  cercariae  of  the  human  parasite, 
Schistosoma  mans on i penetrate  the  skin  of  vertebrate  hosts. 

These  studies  were  undertaken  to  investigate  means  by  which 
the  processes  can  be  controlled  for  possible  therapeutic  and 
prophylactic  intervention. 

The  penetration  processes  are  mediated  by  secretion  of 
proteolytic  enzymes  from  the  preacetabular  glands  of  the 
cercariae.  Isolation  and  partial  characterization  of  these 
enzymes  has  been  achieved,  and  it  is  concluded  that  these 
enzymes  resemble  the  vertebrate  chvmot ryps ins . The  enzymes 
are  inhibited  by  several  of  the  human  serum  antiproteases  as 
well  as  by  specific  chvmotrypsin  and  serine  protease  inhibi- 
tors. Studies  on  the  possible  inhibitory  activity  of  y- 
globulins  from  sera  of  immunized  animals  are  being  continued. 

The  role  of  these  proteolytic  enzymes  in  the  penetration 
of  skin  has  been  studied  using  model  connective  tissue  sub- 
strates ijt  vitro . Major  proteolytic  effects  are  observed  on 
the  protein  backbone  of  proteoglycans  and  on  non-collagenous 
basement  membrane  proteins.  Minor  proteolytic  effects  are 
observed  on  elastic  fibers  and  on  the  kerat inaceous  layer  of 
the  outer  skin.  No  effect  of  these  enzymes  on  polysaccharides 
or  on  collagen  fibers  of  the  dermis  has  been  demonstrated. 

These  studies  suggest  the  major  role  of  these  cercarial  enzymes 
in  penetration  is  a proteolytic  action  on  the  epidermal  base- 
ment membrane  and  on  the  proteoglycans  of  the  dermis. 

The  preacetabular  glands  also  contain  calcium  and  the  lo- 
calization and  quantitation  of  the  calcium  content  of  these 
glands  has  been  reported.  The  calcium  has  been  shown  to  be 
present  in  the  preacetabular  glands  as  calcium  carbonate.  IVe 
have  suggested  that  these  calcium  deposits  function  as  j_n  situ 
inhibitors  of  the  cercarial  proteases  during  storage  in  the 
preacetabular  glands.  Further  studies  are  currently  being  car- 
ried out  to  isolate  the  protease-  and  calcium-containing  granules 
of  these  preacetabular  glands  by  sucrose  gradient  centrifugation 
techniques . 

We  have  rcpoTted  that  zinc  salts  were  very  effective  in 
inhibition  of  the  protease  activity  from  these  preacetabular 
glands.  Furthermore,  we  have  demonstrated  that  zinc  is  effec- 
tive in  killing  both  cercariae  and  sc  hi stosomu  1 cs . These  re- 
sults suggest  that  the  use  of  zinc  salts  in  a proplylactic 
manner  in  infected  waters  and  streams  may  open  new  avenues 
for  control  of  schistosomiasis. 
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During  the  term  of  this  project  we  have  studied  several 
aspects  of  the  biochemistry  of  schistosome  penetration  through 
host  skin. 

A.  Fnzymologv 


The  enzymologv  and  biochemistry  of  the  nroteo- 
lytic  enzymes  found  in  cercarial  secretions  and  homo- 
genates has  been  investigated.  We  have  reported  partial 
characterization  of  these  proteases  in  two  separate  pub- 
lications (1,2).  These  studies  are  being  continued  using 
a variety  of  chromatographic  techniques  in  order  to  iso- 
late these  enzymes  in  pure  form.  We  have  utilized 
Sephadex  (1-150,  molecular  sieve  chromatography,  prepara- 
tive isoelectric  focusing,  ion-exchange  chromatography 
and  affinity  chromatography  in  order  to  purify  these 
enzymes.  The  present  status  of  this  aspect  of  the  pro- 
ject is  that  the  schistosomes  appear  to  contain  one 
major  protease  species  and  possibly  two  minor  species. 

All  species  appear  to  consist  of  serine  proteases  of 
molecular  weight  25,000  to  28,000  daltons:  they  differ 
in  isoelectric  noint,  but  respond  similarly  to  certain 
inhibitors  and  divalent  cations.  The  amino  acid  compo- 
sition of  these  enzymes  is  not  known  at  the  present  time. 

We  have  utilized  specific  protease  inhibitors  in 
order  to  characterize  the  preacetabular  proteases.  The 
results  of  these  studies  have  been  presented  at  several 
meetings  (3,4')  and  are  summarized  in  Tables  1 and  2. 

They  indicate  that:  1)  Cercarial  proteases  arc  not  trvp- 

sin-like  nor  arc  they  el  as t ase - 1 i ke , although  these  enzymes 
have  been  previously  shown  to  digest  elastin  substrates 
(5,1).  2)  Their  inhibition  spectra  is  similar  but  not 

identical  to  those  of  the  vertebrate  chvmotrypsins . The 
peptide  der i va t i vc  acetyl -phenvl a 1 any 1 - g 1 yev 1 - a 1 anvl - 
1 eucyl -ch loromet by 1 ketone  is  the  most  effective  inhibi- 
tor of  the  cercarial  proteases  we  have  found  to  date. 
Furthermore,  studies  using  the  oxidized  B-chain  of  insu- 
lin as  a model  substrate  has  furthermore  strengthened 
our  contention  that  we  are  dealing  with  a chvmotrvpt i c - 
like  protease  because  the  cleavage  pattern  of  this  sub- 
strate resembles  that  found  for  pancreatic  chvmot ryps  in . 

B . Serum  i nh i h i tors 

Determination  of  whether  infected  hosts  develop 
antibodies  to  these  proteases  may  provide  information 
not  onlv  on  the  role  of  these  enzymes  in  penetration  but 
also  their  relationships  to  pathogenesis  and  to  immune- 
related  phenomena.  Their  purification,  for  example, 
might  lead  to  a sensitive  serological  or  skin  test  (sec 
for  example:  6).  Also,  some  authors  have  considered 

cercarial  and  schi stosomulc  stages  to  be  significant  in 
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immunity  to  schistosoini  isis  and  these  enzymes  may 
be  important  antigens  in  this  respect.  Such  infor- 
mation may  also  be  relevant  to  the  dermatitis  observed 
in  the  infection  of  humans  with  non-human  schistosomes 
(swimmer  ' s itch). 

l\’e  have  previously  reported  that  normal  human 
serum  inhibits  protease  activity.  This  is  to  be  ex- 
pected in  view  of  the  multiple  protease  inhibitors 
reported  to  be  present  in  the  serum  (7).  This  work 
was  continued  by  examination  of  the  various  Cohn  frac- 
tions of  human  serum  and  it  was  demonstrated  that  only 
Cohn  fraction  4 inhibited  cercarial  protease  activity. 

This  fraction  contains  the  a j and  a?  globulins.  !Ve 
have  now  shown  that  purified  a? -macroglobul in  and  a\- 
antitrynsin  fractions  inhibit  protease  activity.  Fur- 
thermore, two  other  purified  human  serum  ant i proteases , 
a i - ant i chvmot ryps in  and  C'-l  inactivator,  also  inhibit 
cercarial  protease  activity.  On  the  other  hand,  the 
two  remaining  serum  protease  inhibitors,  inter-a- inhibitor 
and  antithrombin- IT  I have  no  effect  on  the  cercarial  pro- 
teases. Some  9Z°6  of  the  inhibitory  activity  in  normal 
human  serum  can  be  accounted  for  by  the  effects  of  aj- 
antitrypsin  and  another  6°s  by  02 -macroglobul in . This 
work  is  in  press  (8)  . 

We  have  recently  examined  a number  of  sera  from 
infected  animals  provided  to  us  by  Drs . Patricia  Minard 
and  Darwin  Murrell  from  the  Naval  Medical  Research  Insti- 
tute, in  order  to  determine  whether  the  y -globulin  frac- 
tions of  infected  and  noninfected  animals  might  contain 
antiprotease  activity.  We  have  determined  that  the  y - 
globulins  from  noninfected  sera  do  not  contain  antiprotease 
activity.  On  the  other  hand,  a single  serum  prepared 
against  schistosomes  has  been  shown  to  contain  anti- 
protease  activity  in  the  y -globulin  fraction.  We  are 
currently  continuing  these  studies  in  order  to  determine 
whether  the  IgG  fractions  from  immune  sera  might  be 
effective  in  inhibiting  cercarial  protease  activity  and 
therefore  cercarial  penetration. 

C.  Fffccts  of  Divalent  Cations 


We  previously  demonstrated  that  divalent  cations 
affect  dramatically  the  protease  activity  of  cercarial 
homogenates  and  secretions  (D) . Dual  effects  of  Ca++ 
and  Mg4"*-  on  ccn.arial  proteases  (stimulation  at  low 
concentrations,  D-lOmm.  and  inhibition  at  high  concen- 
trations, above  lDmm)  were  intriguing  in  view  of  the 
observations  of  Stirewalt  (ID)  and  Lewcrt  (11)  and  their 
collaborators  that  the  nrcacetabular  glands  of  cercariae 
contain  large  amounts  of  calcium.  The  cercarial  proteases 
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are  also  found  in  these  glands.  Using  the  technique 
of  electron  probe  spectroscopy  we  demonstrated  that 
indeed,  most  of  the  calcium  of  the  cercariae  is  local- 
ized in  the  preacetabular  glands  (12).  Using  atomic 
absorption  spectroscopy  it  was  possible  to  quantitate 
the  levels  of  calcium;  approximately  0.01  to  0.15ug 
of  calcium  are  found  per  cercariae.  More  recent  studies 
using  chemical  assays  have  been  used  to  demonstrate  that 
the  majority  of  this  calcium  is  present  in  the  form  of 
calcium  carbonate  (13).  Because  of  our  previous  results 
showing  that  insoluble  calcium  carbonate  can  bind  the 
cercarial  proteases  revers i b 1 y we  have  suggested  that 
the  preacetabular  calcium  deposits  serve  to  maintain  the 
proteases  in  an  inactive  form  prior  to  secretion  of  the 
preacetabular  gland  contents.  This  hypothesis  is  being 
further  investigated  by  attempts  to  isolate  the  secretion 
granules  from  these  preacetabular  glands.  The  techniques 
used  for  these  studies  include  sonication  of  cercariae, 
followed  by  low  speed  centrifugation  on  sucrose  gradients. 
Fractions  which  exhibited  protease  activity  when  treated 
by  the  neutral  detergent  Triton  X-100  are  then  removed 
from  the  gradient,  and  layered  on  a second  set  of  sucrose 
gradients  which  are  spun  at  high  speeds  (100,000  xg) . 

Active  fractions  from  these  gradients  were  removed  and 
subjected  to  fixation  by  glutaraldehyde  and  prepared  for 
electron  microscopy.  Our  preliminary  results  suggest  that 
we  have  been  successful  in  isolating  the  preacetabular 
secretory  granules  from  the  schistosome  cercariae  as 
shown  in  Figure  1.  These  studies  are  continuing. 

In  the  course  of  our  studies  on  the  effects  of  di- 
valent cations,  inhibition  by  low  concentrations  of  zinc 
salts  was  particularly  striking.  Lewert  and  his  coworkers 
previously  reported  that  zinc  salts  inhibited  cercarial 
infectivity  (11).  We  have  reinvestigated  the  question  of 
which  of  the  steps  in  infectivity  might  be  inhibited  by 
zinc.  The  results  of  these  studies  have  been  recently 
published  (14).  In  brief,  zinc  salts  at  low  levels  (0.05- 
5inm)  dramatically  decrease  cercarial  longevity  and  produce 
crenation  of  cercarial  bodies  and  decaudation.  Zinc  salts 
also  appear  to  decrease  survival  of  schi stosomules . Tn 
efforts  to  determine  whether  zinc  salts  may  prove  effective 
in  combating  schistosomiasis,  we  are  currently  carrying  out 
Jll  v ' vo  studies  on  the  effects  of  zinc  on  schi stosomule 
activity  and  survival. 

I) . Role  of  proteases  in  penetration 

Our  studies  to  determine  the  role  of  the  schistosomal 
proteases  in  penetration  have  been  directed  by  utilizing 
connective  tissue  substrates.  These  studies  demonstrated 
that  cercarial  proteases  were  able  to  hydrolyze  basement 
membrane  proteins  isolated  from  glomerular  basement  mem- 
brane (15).  This  substrate  is  hydrolyzed  only  in  its 
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non-col lagenous  portions,  but  not  in  its  collagenous 
fractions.  In  addition,  major  hydrolytic  activity  was 
observed  against  the  protein  backbone  of  the  proteogly- 
can from  cartilage,  chondromucoprote in  (1).  Further, 
a significant  hydrolysis  of  elastin  (1,5)  and  keratin 
(15)  could  be  demonstrated  by  these  _iji  vitro  tests.  On 
the  other  hand,  the  carbohydrate  components  of  chondromuco- 
« protein,  i.e.  haluronic  acid,  chondroitin  sulfates  a,  c, 

and  d and  dermatan  sulfate  were  not  hydrolyzed  by  the 
preparations  from  cercarial  secretions  or  homogenates. 

In  addition,  skin  collagen,  either  in  soluble  or  fibrous 
form,  was  not  hydrolyzed  by  the  cercarial  secretions. 

These  studies  have  strongly  suggested  that  the  major  ac- 
tivity of  the  proteases  in  penetration  of  cercariae  through 
host  skin  is  by  proteolytic  action  on  the  non-collagcnous 
protein  of  the  basement  membrane  between  epidermis  and 
dermis  and  by  hydrolysis  of  the  protein  backbone  of  the 
proteoglycans  which  make  up  the  dermal  matrix.  These 
studies  are  supportive  of  earlier  histological  observa- 
tions of  Lewert  and  his  collaborators.  Currently  attempts 
are  underway  to  utilize  specific  inhibitors  of  these  pro- 
teases in  skin  preparations  in  order  to  determine  whether 
j this  approach  might  be  fruitful  for  preventing  penetration 

{ of  schistosome  cercariae  through  host  skin. 
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Table  1.  Effect  of  Low-Molecular  Weight  Inhibitors  on 
Cercarial  Protease  Secretions 

No  inhibit i on  (at  ImM  or  greater) 

F.DTA  - Metal  loprotei  ns 

Tosyl lysine  chloromethyl  ketone  - Trypsin 
Ac  - A 1 a - Pro  - A 1 a - A1  a - CH  -,C  1 - Leucocyte  Pla  s tase 
Ac-Ala- Ala-Pro- Ala-CH->C1  - Leucocyte  and  Pancreatic  Elastase 
Pep statin -Acidic  Proteases 


I nil  ib  i t ion  (concentration  to  achieve  SOI  inhibition) 

DIFP,  PMSF  - Serine  Proteases  - 1 mM 
TPCK  - Chymotrypsin  - 0.8  mM 
Z- Gly- Leu- Phe- CH 2 C 1 - Chymot rvps in  - 0.11  mM 
Z - Phe - Cl  1 ?CL- Chymo t ryps i n - 0.08  mM 

Ac - Phe- Gly- Ala- Leu-Cl^Cl - Chymo t rvps in  - 0.005-0.1  mM 


Assays  of  proteolytic  activity  were  carried  out  at  35°C  for 
lb-20  hours  in  a volume  of  1.0  ml  glvcine-NaOH  buffer,  pH  8.8, 
containing  2 mM  CaCl7.  Inhibitors  were  suspended  in  this 
buffer  and  their  activity  assessed  at  3-5  different  concen- 
trations. The  concentration  of  inhibitor  required  to  achieve 
5 0 ",  inhibition  of  protease  activity  was  determined. 
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Table  2.  Macromolecular  Inhibitors  of  Cercarial  Proteases 
Significant  Inhibition  (at  < lyM) 

Human  Alpha  - 1 - Ant i tryps  in 

Human  Alpha- 2-Macroglobul in 

Human  C 1 - Inactivator 

Human  Alpha- 1 - an tichymo tryps  in 

Potato  Chymotrypsin  Inhibitors  I and  II 


No  significant  Inhibition 


Human  Inte r- Alpha - Trvps i n Inhibitor 
Human  Antithrombin  III 
Soybean  Trypsin  Inhibitor 
Pengui n-Ovomuco id-Subt i 1 i s in  Inhibitor 


Assays  of  proteolytic  activity  were  carried  out  at  35°C  for 
16-20  hours  in  a volume  of  1.0  ml  glycine-NaOH  buffer,  pH  8.8, 
containing  2 mM  CaCl?.  Inhibitors  were  suspended  in  this 
buffer  and  their  activity  assessed  at  3-5  different  concen- 
trations. The  concentration  of  inhibitor  required  to  achieve 
50  o inhibition  of  protease  activity  was  determined. 


Sucrose  Gradient  Fractionation  of  Proteases  and  Calcium 
from  Cercarial  Homogenates 


0 2 4 6 8 10 
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Approximate  10^  cercariae  (in  10$  sucrose,  0.05M  glycine- 
NaOH , pH  8.81  were  sonicated  and  the  debris  was  removed  by 
centrifugation  at  600  xg  for  6 minutes.  The  supernatant 
was  layered  on  a discontinuous  sucrose  gradient  (final  volume 
5 ml,  10$  to  8 0 % sucrose).  Following  centrifugation  at 
100,000  xg  for  55  min.,  0.5  ml  fractions  were  collected  and 
assayed  for  protein  content  (x-x)  , calcium  content  (A-A) 
and  protease  activity.  For  the  latter  assay  each  tube  con- 
tained 2 mg  Azocol 1 , 7.5  pi  sample  and  the  sucrose-glycine 
buffer,  with  (•-•)  or  without  (o-o)  Triton  X-100.  incubations 
were  carried  out  for  18  hrs.  at  36°C. 
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